Introduction
============

*Hox* genes play a pivotal role in the formation of body structure, while controlling the formation of organs, and they are related to the expression of the other genes [@B1], [@B2]. In mammals, including humans, there are four *Hox* clusters (A, B, C, and D), which were formed by duplications of a single ancestral cluster. The 39 *Hox* genes within these clusters fall into 13 paralogous groups based on sequence similarity. *Hox* genes specify the identity of the body segments and structures where they are expressed, and mutations result in homeotic transformation to some other fate [@B3]-[@B5].

Airway branching is one of many processes required for lung development. Airways appear to set arterial and smooth muscle patterns, and signals from the airways likely have a decisive effect on airway cell differentiation and alveolus formation. Therefore, the airway branching program is a pivotal stage of full lung development [@B6]. From a morphogenetic point of view, such as proximal-distal, anterio-posterior, and left-right stereotypic patterns of airway branching, *Hox* genes might play an important role in branching morphogenesis, epithelial cell fate, and differentiation of the conducting airway epithelium [@B7], [@B8].

In fact, *Hox* gene mutations cause serious functional and structural respiratory problems in animal models. *Hoxa1* and *Hoxa3* mutant mice die after birth owing to pulmonary failure, and *Hoxa5* homozygous mutants die after birth because of improper tracheal and lung morphogenesis. Mutations in *Hoxa5* and *Hoxb5* are associated with the occurrence of bronchopulmonary sequestration, congenital cystic adenomatoid malformation tissue, primary pulmonary hypertension, and emphysema [@B9]-[@B13].

Despite growing evidence linking *Hox* genes to lung embryogenesis and development, information regarding the expression of *Hox* genes in lung maturation, such as the production of surfactant protein (SP) is still lacking. In the present study, we surveyed the correlation of expression between the *Hox* genes and SP-A, SP-B in preterm and term rabbit fetal lungs. The abundant *Hox* genes identified in normal lung, *Hoxa5* and *Hoxb5*, were the subjects of this expression study.

Materials and methods
=====================

Animal protocol
---------------

All procedures were approved by the Committee on Animal Research and Ethics of Kyung Hee University Hospital at Gangdong (KHNMC AP 2013-008). Twelve pregnant New Zealand white rabbits delivered their newborn rabbits by cesarean section after being anesthetized with 15 mg/kg of Zoletil® (tiletamine + zolazpam) injected into the auricular vein. A total of 48 fetuses were used, and grouped according to gestational age 26-27 days, corresponded to the canalicular stage of lung development (preterm group) and 30-31 days, which represented the alveolar stage (term group). We fixed the fetuses in a supine position, cut the trachea, inserted an 18-gauge angiocatheter into trachea, and positioned the tip of the angiocatheter above the carina with an elastic thread. The lungs then were ventilated several times manually using a syringe, and were dissected free and removed en bloc from the fetus. Next, we compared histological difference of lung tissues by staining with hematoxylin and eosin (H&E, Thermo-Scientific, Waltham, MA) to confirm the proper identification of groups (Fig. [1](#F1){ref-type="fig"}) and measured the aeration areas using NIH ImageJ program (Fig. [2](#F2){ref-type="fig"}). The lung tissues of newborn rabbits were dissected and frozen quickly in liquid nitrogen for total RNA and protein extraction (n = 24 of preterm group and n = 24 of term group).

RNA extraction
--------------

Total RNA was extracted from rabbit fetal lung tissues using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer\'s instructions. Briefly, samples that were frozen at -70°C were purified by RLT buffer (guanidine-thiocyanate-containing lysis buffer) and centrifuged at 15,000 rpm for 3 min at room temperature. The aqueous phase was carefully removed using a pipette. Seventy percent ethanol (1:1) was added to the tube, and mixed gently with a pipette. The solution (700 μL) was added to an RNeasy Spin Column and the column was centrifuged at 9,200 rpm (8,000 x g) for 15 s. The flow-through was discarded. Buffer RW1 (350 μL) was added to the RNeasy Spin Column, which then was centrifuged, and then the flow-through was discarded. A DNase I stock solution (10 μL) was added to 70 μL Buffer RDD, and the solution was mixed by inversion and then centrifuged briefly. The DNase I incubation mix (80 μL) then was added directly to the column membrane, which subsequently was incubated on the benchtop (20-30°C) for 15 min. Buffer RW1 (350 μL) was added to the RNeasy Spin Column, which was then centrifuged for 15 s at 8,000 x g, and the flow-through was discarded. A total of 250 μL ethanol (96-100%) was added to the diluted RNA, and mixed by pipetting. The sample was then transferred to an RNeasy Mini Spin Column placed in a 2 mL collection tube, which was centrifuged for 15 s at 8000 x g, and the flow-through was discarded. Buffer RPE (500 μL) was added to the RNeasy Spin Column, which was centrifuged for 15 s at 8000 x g to wash the membrane. After the flow-through was discarded, another 500 μL Buffer RPE was added to the RNeasy Spin Column, and the column was centrifuged for 2 min at 8000 x g to dry the membrane. The RNeasy Spin Column was placed in a new 1.5 mL collection tube, 30 μL RNase-free water was added directly to the spin column membrane, then the column was centrifuged for 1 min at 8000 x g to elute the RNA. The ratio of absorbance at 260 nm and 280 nm was used to assess the purity of RNA, which ranged from 1.8 to 2.0 when measured by a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., DE, USA).

Primer design
-------------

Primers for *Hoxa5* and *Hoxb5* were designed from the genomic sequences for *Hoxa5* and *Hoxab5* of domestic rabbit (GenBank; accession no. NW_003159267.1) using the software Primer 3 (<http://frodo.wi.mit.edu/primer3/>) and designed four primer pairs for each. The genes were amplified by polymerase chain reaction (PCR): *Hoxa5* (sense: 5′-CGT GCT TCT ATT CCG ATA AG-3′; antisense: 5′-TGC TGT CGG GTT TGT ACT G-3′); *Hoxb5* (sense: 5′-CCT GTA CCA GAG CCC CTT C-3′; antisense: 5′-CCT CGT CCG CCT TGT C-3′). We used commercial primers for *SP-A* and *SP-B*. The size of the PCR products for *Hoxa5*, *Hoxb5*, *SP-A*, *SP-B* were 117, 110, 133, and 208 bp, respectively, and the annealing temperature were 60.0˚C, 62.0˚C, 57.0˚C, and 55.0˚C, respectively.

Quantitative reverse transcription PCR (qRT-PCR) experiments
------------------------------------------------------------

qRT-PCR was performed to quantitate mRNA expression of *SP-A*, *SP-B*, *Hoxa5*, and *Hoxb5* in rabbit lungs using SYBR® Green I, according to the manufacturer\'s instructions. Reactions were carried out using Power SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK) on the StepOne Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) by denaturation at 95°C for 10 min, followed by 35 cycles at 56.5°C for 20 s and 72°C for 30 s. Melting curve analyses were performed to verify the amplification specificity. Relative quantification of gene expression was performed using the ΔΔ-CT method using StepOne Software 2.0 (Applied Biosystems). Reactions were analyzed in triplicate and mRNA expression levels were normalized to 18S. Relative quantification of mRNA expression was performed using the 2^-∆∆CT^ method.

Western blot analysis for Hoxa5/b5
----------------------------------

Extracted preterm and term rabbit fetal lung tissues were lysed in RIPA buffer (150 mm NaCl, 0.1% SDS, 1% triton X-100, 2 mM EDTA, 1% sodium deoxycholate, Tris-HCl pH 7.5) supplemented with a proteinase inhibitor cocktail tablet (R&D system, USA) and centrifuged at 12,000 rpm for 15 min at room temperature. The top layer was transferred to a new tube and then placed on ice. A NanoDrop spectrophotometer was used to determine the concentration of purified protein samples. Each sample was measured twice, and the average was calculated. Protein samples were diluted into 5X SDS loading buffer, heated to 95°C for 5 min, rapidly cooled, and then stored in a freezer. Protein extracts were separated on 8% sodium dodecyl sulfate-polyacrylamide gels and transferred to PVDF membranes (Pall Life Science, transfer membrane 0.45 um). The membranes were incubated with primary human antibodies specific for Hox (Abcam®, Cambridge, UK), since rabbit antibodies are not yet commercially available. Secondary antibodies were conjugated with peroxidase-linked mouse antibody (1:2000 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at 4°C after water bath with Tris-buffered saline (TBS; 0.05M TBS, 0.05% Tween 20). β-actin was used as a loading control. The protein expression levels of Hoxa5 and Hoxb5 were analyzed with the NIH ImageJ program, and were expressed as fold changes compared to the levels of preterm rabbits.

Statistical analysis
--------------------

Statistical analysis was performed using the Student\'s t‑test, Spearman\'s correlation coefficient and linear regression.

Results
=======

Characteristics of fetal rabbits and morphological comparison of rabbit lung tissue
-----------------------------------------------------------------------------------

Newborn rabbits were delivered from twelve pregnant New Zealand white rabbits by cesarean section at the gestational age of 26.3 ± 0.6 days (preterm group) and 30.1 ± 0.3 days (term group). The birth weights of the two groups were 40.4 ± 5.9 g and 63.6 ± 9.9 g, respectively. Aerated area ratios of the two groups were 0.36 (preterm group) and 0.59 (term rabbit). These results showed statistically significant differences between the two groups (Table [1](#T1){ref-type="table"}). Lung tissues of term group demonstrated significantly higher aerated area ratio than preterm group.

Comparison of mRNA expressions of SP-A/B in rabbit lung tissue
--------------------------------------------------------------

When the mRNA levels of *SP-A* and *SP-B* of the preterm group were set to a value of 1, the relative ratio of mRNA levels in the term group significantly increased to 2.45 and 2.94, respectively (*p* \< 0.01, Fig. [3](#F3){ref-type="fig"}). There were no differences in the mRNA levels of *SP-A* and *SP-B* when considering birth order or location of lung tissues in fetal rabbits from the same mother. *SP-A* and *SP-B* expression in the term group was higher than that of the preterm group.

Comparison of mRNA expression and protein levels of Hoxa5/b5 in rabbit lung tissue
----------------------------------------------------------------------------------

Based on qRT‑PCR to measure mRNA levels, *Hoxa5* mRNA levels of the term group were 2.99 times more than that of the preterm group; however, *Hoxb5* mRNA levels of the term group were 0.48 times less than that of the preterm group (*p* \< 0.01, Fig. [3](#F3){ref-type="fig"}). The relative protein levels of Hoxa5 and Hoxb5 were tested by western blot analysis. When the protein levels of Hoxa5 and Hoxb5 of the preterm group were set to a value of 1, the relative ratio of protein levels of Hoxa5 was increased to 2.33 in the term group, while that of Hoxb5 significantly decreased to 0.50 in the term group (*p* \< 0.01, Fig. [4](#F4){ref-type="fig"}). The protein levels of Hoxa5 were higher, and Hoxb5 were lower in the term group, corresponding with the changes in mRNA levels. *Hoxb5* mRNA and protein levels were lower in the term group, but *Hoxa5* mRNA and protein levels were higher in the term group than preterm group.

Correlation analysis between expression levels of SP-A/B and the Hoxa5/b5 genes
-------------------------------------------------------------------------------

We found statistical correlations between the mRNA levels of *SP‑A* and *SP‑B*, and between *Hoxa5* and *Hoxb5* through Spearman\'s rank correlation coefficient, regardless of the group. In the term group, *Hoxa5* positively correlated with *SP-A* and *SP-B*, but Hoxb5 insignificantly correlated with *SP-A* and *SP-B*. There were no correlations between the mRNA levels of these genes in the preterm group (Table [2](#T2){ref-type="table"}).

In linear regression analysis between the mRNA levels of *Hoxa5* and *Hoxb5* and those of *SP-A* and *SP-B*, statistically insignificant correlations were found in preterm group (Fig. [5](#F5){ref-type="fig"}). In term group, however, the regression coefficient among *SP-A, SP-B* and *Hoxa5* were \[0.938, *p* \< 0.05, *SP-A* mRNA expression = 0.989 + 1.186 x *Hoxa5* mRNA expression\], \[0.632, *p* \< 0.05, *SP-B* mRNA expression = 0.646 + 1.282 x *Hoxa5* mRNA expression\] and among *SP-A*, *SP-B* and *Hoxb5* were \[0.036, *p* = 0.377, *SP-A* mRNA expression = 3.590 + 0.638 x *Hoxb5* mRNA expression\], \[0.031, *p* = 0.414, *SP-B* mRNA expression = 3.391 + 0.778 x *Hoxb5* mRNA expression\] (Fig. [6](#F6){ref-type="fig"}). We confirmed that changes in *Hoxa5* and *Hoxb5* mRNA levels do not influence those of *SP-A* and *SP-B* in the preterm group, but mRNA levels of *Hoxa5* increase those of *SP-A* and *SP-B* in the term group.

Discussion
==========

New Zealand white rabbits come to full term 30-31 days after fertilization. Because lung development in rabbit is very similar to that in humans, the rabbit lung is considered a suitable model for studies of human lung development. In this study, we conducted an experiment using fetal lungs corresponding to the canalicular stage, at 26-27 days after fertilization, and to the alveolar stage at 30-31 days after fertilization [@B14]-[@B16].

The *Hox* genes, which are evolutionarily conserved, help to form the structure along the body axis and encode transcription factors that regulate complicated development processes in a number of organs. *Hox* gene expression may differ according to organ. Among the 13 *Hox* genes, (*Hox1-Hox13*), *Hox1-Hox5* are involved in the development of the hindbrain, *Hox4-Hox11* in the development of the spinal cord, and *Hox1-Hox8* in the development of the lung [@B5], [@B17]. Volpe *et al*. reported that among *Hox* genes, *Hoxb5* affects bronchial branching morphogenesis and the differentiation of airway epithelial cells in mice, and cases have been reported where abnormal *Hoxb5* expression in humans caused bronchopulmonary sequestration [@B8], [@B12], [@B13]. Golpon *et al*. reported that *Hoxa5* overexpression was associated with pulmonary emphysema [@B18]. In this way, there have been several reports on lung development and formation, but few studies have focused on SP.

This study compared *SP-A* and *SP-B* expression in pulmonary tissue of preterm and term rabbits. According to the data measured by qRT-PCR, mRNA expression was markedly higher in the term group than in the preterm group, and this result was similar to that of other studies. In their studies with rabbits, Durham *et al*. reported that longer gestational age was associated with higher *SP-A*, *SP-B*, and *SP-C* expression using northern blot analysis, and Grier *et al*., in studies with rats, reported that *SP-B* mRNA expression was higher in term fetuses [@B14], [@B19]. In this study, we found that the longer the gestational age, the higher the expression of *SP-A* and *SP-B* during lung maturation in term fetuses.

Most of previous studies on the roles of *Hox* genes in fetal lung maturity used rats and mice [@B19], [@B20]. However, no study has investigated how *Hox* genes are involved in human lung maturity, and how they are distributed and expressed. Furthermore, this is the only study that used rabbit lungs, which are similar to human lungs in terms of development process. In the study by Grier *et al*., 2009, using rats, *Hoxa4* expression increased in the early period of lung development and then decreased in the late period, but *Hoxa5* expression was continuous, without decreasing, in the late period. The study by Grier *et al.,* and several other studies, also reported that the Hox B cluster, including *Hoxb5*, showed lower expression level in the late period of lung development compared to that in the early period [@B17], [@B19], [@B21]. In this study as well, Hoxa5 and Hoxb5 expression in pulmonary tissue were compared between the preterm group and the term group, using qRT-PCR and western blot. According to the results, Hoxa5 mRNA and protein expression were higher in the term group than in the preterm group; however, Hoxb5 mRNA and protein expression were lower in the term group. This suggests that Hoxa5 may be involved, in not only fetal lung formation during early pregnancy, but also in surfactant regulation during late pregnancy, and that Hoxb5 may be more involved in the early stage of lung formation than in later stages. Such a variation in Hox expression according to the stage of organ development is not limited to the lung. Tümpel *et al*. reported that in the hindbrain of rat fetuses, the Hoxa1 and Hoxb1 expression increased at the boundary between rhombomeres 3 and 4 at 7.5-8 days after sexual intercourse, *Hoxa1*expression decreased while *Hoxb1* expression at rhombomere was maintained at 8-8.5 days after sexual intercourse, and *Hoxa4*, *Hoxb4*, and *Hoxd4* expression at rhombomeres 6 and 7 increased at 8.5-9.5 days after sexual intercourse [@B22].

This study included a correlation analysis to detect association among the mRNA expression levels of *SP-A*, *SP-B*, *Hoxa5*, and *Hoxb5*, and the results indicated a strong, positive correlation among *SP-A*, *SP-B*, and *Hoxa5* in the term group. With mutations in *Hoxb5*, mice survive well, without showing any major defects in the organs. However, with mutations in *Hoxa5*, abnormal formation of the organs and lungs occurs, which increases mortality, and a large range of phenotypes, including pulmonary emphysema, is seen [@B23]-[@B26]. This result is probably because *Hoxa5* is able to compensate for, and mask any defects in, *Hoxb5* [@B27], [@B28]. Accordingly, *Hoxa5* is believed to play a central role in the lung development of rabbit fetuses.

In another correlation analysis, moreover, the expression levels of *Hox* genes and *SP* genes did not correlate with each other in the preterm group, but in the term group, Hoxa5 was positively correlated with *SP-A* and *SP-B*, but *Hoxb5* was not correlated with *SP* genes. In linear regression analysis, as well, the Hoxa5 and Hoxb5 expression did not affect *SP-A, -B* mRNA expression in the preterm group, while in the term group, increased Hoxa5 expression correlated with increased the SP-A and SP-B expression. This confirmed that *Hoxa5* does not affect SP expression in immature lungs, but is involved in SP expression in mature lungs and affects late lung maturity. While *Hoxb5* does not affect SP expression in the term group.

The underlying mechanism has not yet been fully elucidated, but recent advances in deciphering the epigenetic status of loci in developing embryos, as well as steric tissues in the nuclear space, have provided considerable information [@B29]. *Hox* genes play important roles in regulating biological processes, including organ morphogenesis and maturation. However, little is known about how *Hox* genes accomplish their function of sculpting variations on a basic segmental shape, many remain to be identified [@B18], [@B30]. Several *Hox* realizator genes have been identified that demonstrate how the *Hox* gene carries out the function of sculpting deformation in its basic segmental shape, but many genes should be identified. The number of Hox morphological effector genes will go through a known development process until almost all genes that mediate cell adhesion, cleavage, and migration are directly regulated by the Hox protein [@B31].

To the best of our knowledge, this is the first report describing interactions between the *Hox* genes and SP-A, SP-B in rabbit fetal lungs. Attempts to understand the role of *Hox* genes in normal lung development will be enhanced by the identification of their downstream target genes. Whereas *Hoxa5* gene upregulates the *SP-A* and *SP-B* expression in this study. More research is also needed to explore the role of *Hox* genes in developmental processes. Furthermore, immunohistochemical studies should be performed to determine the site of *Hox* expression in fetal pulmonary tissue, and studies to determine the onset and duration of *Hox* expression during lung development in the gestation period.
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![Histologic differences among two groups (hematoxylin and eosin stain, ×100). Lung tissues of term groups demonstrated better aerated features than preterm controls. For statistical analysis, alveolar areas were compared and revealed significant differences, as shown in Table [1](#T1){ref-type="table"}.](ijmsv14p1189g001){#F1}

![Aerated area percent using imageJ. Lung tissues of term group (n = 24) demonstrated significantly higher aerated area ratio than preterm controls (n = 24, *p* \< 0.001).](ijmsv14p1189g002){#F2}

![Relative expression levels of SP-A, SP-B, Hoxa5 and Hoxb5 mRNA were measured by quantitative real-time reverse transcription-polymerase chain reaction for quantification of mRNA expression. The expression of SP-A, SP-B, and Hoxa5 was 2.45, 2.94, and 2.99 times more in term group than in the preterm group (all *p* \< 0.01). Hoxb5 was decreased 0.48 times less in term group than in preterm group (*p* \< 0.01). Changes in gene expression were calculated using the 2^-∆∆CT^ method.](ijmsv14p1189g003){#F3}

![Western blot analysis of Hoxa5 and Hoxb5. Hoxa5 expression 2.33 higher in the term group (*p* \< 0.01), while Hoxb5 expression was 0.50 lower in the term group than in the preterm group (*p* \< 0.01).](ijmsv14p1189g004){#F4}

![Univariate linear regression analysis of the mRNA expression levels of *SP-A*, *SP-B* and *Hoxa5, Hoxb5* in the preterm group. The equation in the preterm group was \[*SP-A* expression = 0.955 + 0.127 x *Hoxa5* expression (r2 = 0.017, and *p* = 0.542)\], \[*SP-B* expression = 1.057 - 0.049 x *Hoxa5* expression (r2 = 0.002, and *p* = 0.857)\], \[*SP-A* expression = 0.852 + 0.156 x *Hoxb5* expression (r2 = 0.075, and *p* = 0.197)\], \[*SP-B* expression = 1.064 - 0.040 x *Hoxb5* expression (r2 = 0.004, and *p* = 0.765)\].](ijmsv14p1189g005){#F5}

![Univariate linear regression analysis of the mRNA expression levels of *SP-A*, *SP-B* and *Hoxa5, Hoxb5* in the term group. The equation in the term group was \[*SP-A* expression = 0.989 + 1.186 x *Hoxa5* expression (r2 = 0.938, and *p* \< 0.05)\], \[*SP-B* expression = 0.646 + 1.282 x *Hoxa5* expression (r2 = 0.632, and *p* \< 0.05)\], \[*SP-A* expression = 3.590 + 0.638 x *Hoxb5* expression (r2 = 0.036, and *p* = 0.377)\], \[*SP-B* expression = 3.391 + 0.778 x *Hoxb5* expression (r2 = 0.031, and *p* = 0.414)\].](ijmsv14p1189g006){#F6}

###### 

Characteristics of fetal rabbits

  ---------------------------------------------------------------------
                           Preterm group\   Term group\   *p* - value
                           (n = 24)         (n = 24)      
  ------------------------ ---------------- ------------- -------------
  Gestational age (days)   26.1 ± 0.6       30.3 ± 0.3    \< 0.01

  Birth weight (gram)      40.4 ± 5.9       63.6 ± 9.9    \< 0.01

  Aerated area ratio       0.36 ± 0.12      0.59 ± 0.07   \< 0.01
  ---------------------------------------------------------------------

###### 

Pearson\'s correlation coefficient among SP-A, SP-B, and Hoxa5, Hoxb5 mRNA expression in quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR)

  Item      *SP-A*                *SP-B*            *Hoxa5*       *Hoxb5*
  --------- --------------------- ----------------- ------------- -----------
  *SP-A*    1.00/1.00                                             
  *SP-B*    0.705^\*^/0.804^\*^   1.00/1.00                       
  *Hoxa5*   0.165/0.988^\*^       0.067/0.820^\*^   1.00/1.00     
  *Hoxb5*   0.189/0.274           -0.096/0.207      0.305/0.288   1.00/1.00

^\*^*p* \< 0.05
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